This paper presents the results of a thorough microstructural characterisation of a set of cement mortars (made with three w/b ratios and five different cement types), degraded by the ammonium nitrate method. Both destructive and ultrasonic non-destructive techniques were used to characterise the samples. The initial calcium content of the samples plays a dominant role in both the advance of the degradation process and the degradation grade of the samples. In addition, the decalcification process kinetics and the degradation grade are modelled, using Fick's second law of diffusion and the shrinking unreacted-core model. Two parametric equations are presented and used to estimate the decalcification process kinetics and the degradation grade using accessible microstructural parameters of the native mortars, such as the initial CaO content, the open porosity, and the cementitious matrix volume fraction. Furthermore, the degraded depth in the samples is measured using ultrasonic testing with an average error of about 10%.
Introduction
Calcium leaching -decalcification -of cementitious materials is a degradation process caused by leaching of ions (mainly of calcium and hydroxide) from the pore solution of the cementitious matrix to the external environment. Decalcification can affect all the hydrated phases in the cement matrix depending on their solubilities. Portlandite will dissolve first as it has the highest solubility of all the hydrated phases. In accordance with solubility data provided by Berner [1, 2] , hydrated phases with higher Ca/Si ratio will dissolve next. Subsequently we will find dissolution/precipitation fronts of the other hydrated phases. C-S-H gel undergoes a continuous decalcification process in which there is a progressive C-S-H dissolution, depending on Ca/Si ratio. The overall decalcification process leads to the dissolution of hydrated phases from the cementitious matrix, thus increasing porosity and permeability and resulting in an overall loss of mechanical and durability properties [3] [4] [5] [6] . A comprehensive description of the decalcification process can be found in Glasser et al. [7] .
Several investigations have dealt with decalcification processes modelling, using different approaches to catch the coupled diffusion/dissolution phenomenon [8] [9] [10] [11] [12] . Furthermore, the coupled chemo-mechanical deterioration has been modelled [13] [14] [15] [16] [17] . Kamali et al. [18, 19] recently presented a simplified model predicting the one-dimensional leaching kinetics from a large experimental database of cement pastes. In addition to the significance of developing accurate models of these degradation processes, there is a consensus regarding the importance and need for the development of non-destructive techniques to both characterise and monitor cementitious materials. Ultrasonic testing has been used in several works to provide information about cementitious materials and their degradation processes [20] [21] [22] [23] [24] [25] , including decalcification processes [26] [27] [28] [29] .
This paper aims to provide a thorough microstructural characterisation of a set of cement mortars, to relate the microstructural characteristics of the samples to the progression and extent of the decalcification process. Five cement types and three w/b ratios were used to make the mortar samples. The microstructural characterisation was performed using several destructive techniques (DTA/TG, XRD, MIP, open porosity measurements and leachate analysis) and using non-destructive ultrasonic measurements. The decalcification process kinetics and the degradation grade are modelled using two parametric equations, defined with microstructural parameters of the native material. Eventually, degraded depths are estimated using the proposed equations and ultrasonic measurements. Finally, comparisons between estimated and measured results are discussed.
Experimental

Materials
Five cement types with different type and content of additions (limestone filler, low-calcium type fly-ash and blast-furnace slag) were used to fabricate the prismatic mortar bars (dimensions of 40 Â 40 Â 160 mm; see Tables 1 and 2 ); considering the mix dosage and the chemical composition of the cements, the initial CaO concentration, CaO c , and the CaO/SiO 2 molar ratio of the samples were calculated. All cements are commercial cements, with their ranges of additions' content specified by Spanish standards [30] : 6-20% for CEM II/A-V 42.5 R, 21-35% for CEM II/B-M (V-L) 32.5 N, 66-80% for CEM III/B 32.5N-SR-BC and 36-55% for CEM IV/B (V) 32.5 N. Natural rounded sand rich in quartz, supplied by Eduardo Torroja Institute for Construction Science (CEN-Standard Sand EN 196) was also used. Mortar bars were stored in their moulds in a climate chamber for 24 h (96% RH/20°C) and after demoulding they were cured under lime-saturated water at 20°C for 28 days. They were then cut into cubic pieces (40 mm side) using a diamond saw cooled with water.
Accelerated decalcification experiment
Accelerated decalcification was achieved by immersing the samples in concentrated ammonium nitrate solution (460 g/L) for 32 days, with a solution-to-sample volume ratio of 11. Such factors (solution concentration and solution-to-sample volume ratio) ensure the aggressiveness of the solution throughout the experiment, thus avoiding the renewal of the solution. The acceleration of the decalcification process using ammonium nitrate has been used by several authors [3, 13, 14, [31] [32] [33] [34] . This method accelerates the decalcification process by approximately 150 times as compared with the same process in deionised water, but diffusion remains the rate controlling factor [3] ; a detailed description of the characteristics of the method can be found in the works of Cardé et al. [35, 36] and Heukamp [3, 37] . Each aggressive solution was prepared 48 h ahead of the experiment to ensure its homogeneity. During the experiment, each solution container was continuously stirred to avoid ion concentration near the samples' surface.
Two parallel faces of each cubic sample were sealed with epoxy resin (Sikaguard 62), to prevent corner effects and to avoid a three-dimensional degradation process. In addition, to avoid capillary suction phenomena, the samples were immersed for 48 h in deionised water. For each degradation time, two cubic samples were immersed in the aggressive media. The samples were taken out of the solutions after 4, 11, 21 and 32 days. Immediately after their extraction from the aggressive solutions the samples were immersed in deionised water for 72 h to avoid the formation of expansive 3CaOÁAl 2 O 3 ÁCa(NO 3 ) 2 Á10H 2 O [36] . Further information about the procedure followed here can be found in [38] .
Microstructural characterisation
Cementitious matrix characterisation
Cementitious matrix was characterised only in the samples of w/b ratio 0.5, by X-ray diffraction (XRD) and thermal analyses (DTA/TG). Crystalline phase determination was made by XRD analyses in a BrukerD8 Advance Powder Diffractometer (5-65°2h; 0.033°2h/s). Powdered samples for the XRD and DTA/TG measurements were obtained by milling 10 mm-thick slices in an agate mortar grinder until it passed through the 0.16 mm sieve. Thermal analyses were made to quantify both the portlandite and calcite content in the samples. The samples were analysed in a Stanton Redcroft STA-781 (20-1.100°C; 10°C/min; N 2 flux: 80 mL/min).
To relate portlandite and calcite contents to the content of cementitious matrix, the endothermic peak observed in the DTA during cooling at 570°C (due to the conversion of b-quartz to aquartz) was used. A calibration curve for SiO 2 can be constructed since the peak area of the DTA curve is dependent on the sample mass [39] , assuming that quartz is inert during the decalcification process [40, 41] and remains constant before and after degradation, Several DTA analyses were made with increasing quantities of the same sand used to fabricate the samples, and a calibrate curve was obtained. Therefore relative contents (S i expressed in terms of percent of compound in the cementitious matrix) of both portlandite and calcite could be used using the following equation:
ÞÞÞ ð1Þ
where s i is the compound content as determined from DTA/TG analysis (mol), M i is the molecular weight of each compound (g/mol), m i the sample weight used in the analysis (g), A 570°t he area of the peak at 570°C and both a and b are the parameters of the calibration curve (a = 37.07, b = 56.59 mol
À1
).
Degraded depth profiles
Degraded depths in the mortar samples were revealed using the standard phenolphthalein test for carbonation [31, 42] . Degraded and native samples were cut parallel to the sealed faces and sprayed with the phenolphthalein solution, and a set of images of the stained surfaces were obtained with a digital camera (Olympus C-765; image resolution: 3200 Â 2400 pixels, with a colour depth of 24 bits). The degraded depth was determined by an automatic digital image processing algorithm, providing automatic, [38, 43] . Throughout this paper the decalcification front will be defined as a sharp decalcification front delimited from the sound core by total dissolution of portlandite, in accordance with other published works [8, 9, 44] [46] but for two minor modifications: the procedure duration was reduced (3 h in each step, instead of 24 h [47] ) and the drying temperature was diminished (80°C instead of 105°C) and relegated to the last step. Apparent and bulk densities, and thus the open porosity of the samples, can be obtained by just applying the Archimedes method.
MIP analyses were made only in the samples of w/b ratio 0.5. A Micromeritics Autopore IV 9500 porosimeter was used for the measurements (from 0.007 to 230 MPa; three measurement per sample). Samples for these measurements were obtained by cutting a 20 mm-thick slice from the cubic samples; from these slices, cylindrical samples (10 mm diameter) were cored using a round column drill equipped with a diamond drill bit cooled with water. The samples were drawn from the outer part of the slice, to include as much degraded zone as possible for analysis. They were first oven-dried at 40°C for 4 days and subsequently vacuum-dried at 7 Â 10 À6 MPa for 15 min. A cylindrical pore-shape model was used to apply the well-known Washburn equation (c = 485 mN/m and h = 130°) and to obtain pore diameters from MIP results. The total porous area, A p , was calculated from the reversible work done during mercury intrusion [48] .
Aggressive solution characterisation
The pH of the aggressive solutions was measured continuously for the first 4 days of the degradation process; thereafter, it was measured daily until the end of the experiment. To monitor the Ca 2+ content in the aggressive solutions, two aliquots (10 mL) were extracted per day. The Ca 2+ content in the aliquots was measured by an automatic titrator, using EDTA solution as titration agent and both Eriochrome Black T and photometric identification of the titration end-point. Triethanolamine was used to mask Fe
3+
and Al 3+ when in solution; Complexon-Magnesium solution (0.1 M) was added to the titration to ensure a good colour-turn at the end-point of the titration.
Non-destructive ultrasonic characterisation
Non-destructive characterisation was carried out by measuring the ultrasonic velocity of the specimens. Instead of using the usual direct or indirect transmission measurements by the contact method and with commercial equipment, a more precise method was used. Such method entails water immersion measurements, high frequency transducers and digital signal processing. The longitudinal ultrasonic velocity of the samples (V) was calculated using the following equation:
where e represents the path length of the specimen, t c is the travelling time of the signal through the specimen, t w is the travelling time in water (with the specimen absent) and V w is the ultrasonic velocity in water; an aluminium standard probe was used in all the ultrasonic inspections to determine V w in a precise way, since it is highly influenced by water's temperature. Two pulse-echo inspections (one by each side of the samples) were made to precisely determine the path length at each point of the samples (about 0.1 mm precision), using the travelling time measurement of the interface echo, thereby obtaining precise ultrasonic velocity measurements. After obtaining the ultrasonic velocity maps, the central zone of the samples was used to obtain average ultrasonic velocities ð b V t Þ to avoid edge effects (as interferences can be found in those areas), and allow qualitative analyses of the ultrasonic velocity variation. The average ultrasonic velocities are latter obtained from a central area of 30 Â 10 mm for each degraded and non degraded specimen, yielding averages of 300 individual ultrasonic signals.
Further details on the ultrasonic technique are given in [25, 29] .
Results of the microstructural characterisation of the samples
Cementitious matrix characterisation
The degradation process has a marked effect on the microstructure of the cementitious matrix, as can be seen in the XRD patterns ( Fig. 1) . The results obtained are in accordance with the bibliography; in all the samples, the intensity of the portlandite peak intensity decreases as the decalcification progresses. The differences in portlandite content of the native samples, obtained from thermal analyses, are indeed large (Fig. 2a) conditioning the behaviour of the samples during the decalcification process. The portlandite content of the native samples, S CH,0 , is related to the initial calcium content of the samples, as can be seen in Fig. 2b .
The decalcification process is mainly a neutralisation process, in which the OH À ions of the aqueous pore phase are neutralised by the H 3 O + ions of the aggressive solution. This neutralisation process promotes Ca 2+ diffusion from the material and dissolution of the hydrated cementitious phases (portlandite, ettringite, AFm phases, and C-S-H gel). Portlandite is one of the most important hydration products controlling the neutralisation capacity of cementitious materials. The samples with higher portlandite contents will exhibit, at least in the initial stages, greater neutralisation capacity. Thus, the decalcification process will be slowed during its initial stages in those samples. However, higher portlandite contents in the native samples will result in larger porosity increase.
Degraded depth measurement
The typical sound core/peripheral decalcified zone was observed after spraying the samples with phenolphthalein solution (Fig. 3) . Theê D obtained vary depending on the cement type and the w/b ratio (Fig. 4) . As w/b ratio increases, samples with lower initial calcium contents (i.e.: CEM II/B, CEM III and CEM IV) exhibit higher degraded depths during the initial stages of the degradation process. As shown in Fig. 2b , portlandite content in the native samples is related to their initial calcium content. Thereby, samples with lower initial calcium content (i.e.: CEM II/B, III and IV) may exhibit lower neutralisation capacity [40, 49, 50] and thus larger degraded depths in the initial stages of the decalcification process. It is worth noting that larger degraded depths do not necessarily indicate higher degradation grade. Although the degradation front can advance further inward into the samples with lower initial calcium contents, total calcium content dissolved will be presumably lower [50] . As the degradation process advances and portlandite dissolves, other hydrated products of the cementitious matrix (ettringite, C-S-H gel) will contribute to the neutralisation capacity of the samples [49] . 
Porous microstructure characterisation
The open water porosity of the native samples was characterised in all the cubic samples (12 measurements; average values are shown in Table 3 ). Since both cement type and w/b ratio influences the porosity of the native samples, relative increments will be analysed instead of absolute values. The relative porosity increase D/ r (%) can be obtained using Eq. (3), to analyse its variation with the degradation time (see Fig. 5 ):
where / t is the porosity at each degradation time and / 0 the open porosity of the native material. For all the w/b ratios, the samples from CEM I exhibit the larger D/ r values, pointing out high degradation grade of those samples. In addition, samples from CEM III and CEM IV show precipitation phenomenon, in the form of negative values for D/ r , after 11 and 4 days of degradation, respectively. Such phenomenon has been described before [50] [51] [52] , although no evidence can be found for such decreases in the open water porosity. Almost all samples exhibit decreases of D/ r when the w/b ratio increases in accordance to the references [6, 52, 53] . The increase of pore volume during decalcification is mainly attributed in the literature to the dissolution of portlandite. Haga et al. [4] , related the portlandite content variation to the porosity increase and thus ascertain if the porosity increase is mainly related to portlandite dissolution. In this paper the pore volume resulting from the dissolution of portlandite, / CH (pp, percentage points), has been calculated using a modified version of the formula proposed by Haga et al.:
where q m,0 is the bulk density of the cementitious matrix (g/cm 3 ), and S CH,0 the portlandite content (expressed as the portlandite-tocementitious matrix mass ratio) in the native samples; q m,t is the bulk density of the cementitious matrix (g/cm 3 ) and S CH,t the portlandite content (expressed as the portlandite-to-cementitious matrix mass ratio) in each degraded sample; M CH is the molecular weight of portlandite (74 g/mol) and M v CH ) the molecular volume of the portlandite (33 cm 3 /mol), calculated from its density. q m is estimated considering the sample dosage and the bulk density measured by the RILEM method (q r ), as: An expression for q m is then obtained as:
Thus, / CH values can be calculated with Eq. (4) and compared with the absolute porosity increases, D/ (pp) as measured by the open water porosity (see Table 4 ). Whenever D/ is higher than / CH there is dissolution of other hydrated phases than portlandite from the cementitious matrix. It is worth noting that samples with grossly different S The pore size distributions of the different degraded samples (Fig. 6) show similar trends. The samples with higher initial calcium contents (cement types CEM I and II/A) exhibit greater variations by the decalcification process in their porous microstructure. Almost all the pore size distributions have their maximum pore volume close to 0.07 lm. This maximum is called ''critical pore diameter'', d c , related to the pressure at which a percolation path forms in the porous network of the material [54] . Values close to this diameter suggest the possible existence of a common percolation path related to clinker hydration in those cements. As the pozzolanic reactions increase, the size of d c changes and so does the pore size distribution (Fig. 7a) . The large increase in the value of d c of the samples of CEM II/B after 32 days of degradation is caused by the appearance of a new peak in the pore size distribution because of the progress of the degradation process, as seen in Fig. 6c . The variation of the ''threshold diameter'', d t , related to the pore size at which porous network percolation starts [55, 56] , as well as the variation on the total porous area, A p , (see Fig. 7b and c, respectively) reveal the high degradation grade of the samples of CEM I. In the samples of CEM IV, variations in d t and A p are negligible during the degradation process, except for the increase in the initial days of the degradation process. The samples made from other cement types show similar increases in A p .
Aggressive solutions characterisation
As can be seen in Fig. 8 , cement type plays the major role in the variation of the calcium content in solution with degradation time. Except for the samples of CEM III, leached calcium increases as the initial calcium content of the samples increases. Calcium content in solution is weighted by the initial calcium content of each sample (Fig. 9) , to provide a better measurement of how severe is the dissolution of the hydrated compounds and hence the degradation grade of the cementitious matrix. The cementitious matrices in the samples from CEM I, CEM II/A and CEM II/B have been leached the same extent, with a percentage of calcium leached ranging from 1.4% to 1.6%. Samples from CEM III exhibit the lesser degradation grade, with a content of calcium leached between 1% and 1.25%. As the w/b ratio increases, the differences in calcium leached between the samples from CEM IV and CEM III are lowered, as more calcium is leached from the last ones. Therefore, the lower is the initial calcium content in the sample, the lower will be the total calcium dissolved, although the degradation front can advance further inward into those samples. This results can be explained by considering the Ca/Si ratio of the cementitious matrix, as it controls the decalcification process, as showed by Berner [1] and Gérard [10] . As far as the content of portlandite in the cementitious matrix is reduced by the decalcification process, the degradation grade will be controlled by the Ca/ Si ratio of the C-S-H gel. Faucon and Revertegat [51, 57] also showed that when the Ca/Si ratio of the C-S-H gel diminishes, its resistance to the decalcification process increases. The Ca/Si ratio of the hydrates in a pure Portland cementitious matrix is reduced by the presence of additions, as fly ash or blast-furnace slag [58, 59] : from a mean value of 1.8-2.0, to average values of 1.32 for fly-ash and 1.29 for blast-furnace slag. Although the Ca/ Si ratios of the hydrates may have been lowered in the samples with mineral additions, the Ca/Si ratio in hydrates will probably not be different from one type of addition to another. EscalanteGarcía et al. [60] reported degrees of reaction of 20-30% after 28 days for slags blended with OPC in similar conditions as in our work; they showed that the degree of reaction increases with the amount of slag. Similar results (degree of reaction of 30-55%) were found by Lumley et al. [61] . Zhang et al. [62] showed that the degree of reaction of fly-ash blended with OPC is reduced as the content of fly-ash increases. Also, Feng et al. [63] and Pane and Hansen [64] reported larger degree of reaction of slag, when comparing with fly-ash after 28 days. Therefore, the hydration rate of the additions may be playing the major role in the variations of the percentage of Ca 2+ leached and thus in the degradation grade of the samples.
Non-destructive ultrasonic characterisation
There is no significant influence of the cement type on the average ultrasonic velocity of the native samples (see Table 5 ). For a given w/b ratio, the relative differences that can be found among each cement type are no larger than 1% (except for the cement type IV with a w/b ratio of 0.5). However, there is a strong influence of the w/b ratio on the average ultrasonic velocity of the native samples. For all cement types, the ultrasonic velocity decreases as the w/b ratio increases. Such variation can be explained by the increase in both the porosity and hydrated products content per volume (and a decrease in the aggregate content) [21, 22, 65] , caused by the w/b increase.
The relative decrease of the ultrasonic velocity (D b V ) will be analysed to compare the variations in the ultrasonic velocity by the decalcification process (see Fig. 10 ). As seen in the porosity variations (see Fig. 5 ) an arrangement of the relative ultrasonic velocity decrease according to the cement type can be observed. Samples with higher initial calcium contents exhibit higher D b V values and thus higher degradation grades. Also, as far as the w/b ratio increases the differences between the samples are larger. Considering the principles of the Elasticity Theory, it is possible to express the longitudinal ultrasonic velocity (V l ) of a given material as a function of the apparent density of the material (q), its elastic modulus (E) and the Poisson ratio (l):
The variations in the ultrasonic velocity by the decalcification process are mainly influenced by the open water porosity and the initial calcium content of the samples. The results of previously published works [27] showed that the elastic constants of the degraded cementitious matrix are proportional to the open porosity of the material. In addition, the initial calcium of the samples influences the amount of calcium to be leached and thus the loss of elastic parameters of the cementitious matrix.
Modelling the degradation process
The previous sections presented the modification of the samples microstructure by the degradation process, and which factors may be controlling the kinetics and the extent of the degradation process. Many factors (porosity, initial calcium content, etc.) influence the degradation process. The present section aims to model both the kinetics of the degradation process and the degradation grade of the samples, using accessible microstructural parameters of the native material. The decalcification kinetics will be modelled using an analytical solution of the Fick's second law of diffusion [66] ; it will be assumed that the rate of leaching follows a square root of time. The degradation grade of the materials will be accounted by the ultrasonic velocity of the degraded material and further modelling will be done by applying the shrinking unreacted-core approach [67, 68] . 
Degradation process kinetics
From among the variables amenable to be described by the Fick's second law of diffusion, we have chosen the average degraded depth,ê D , because it is easy to measure and describe the fraction (either area or volume) of degraded material. Some simplifications must be considered: the main process that controls the kinetics of the decalcification process is the diffusion of the ions, the decalcification process is assumed to be one-dimensional, and only one diffusive ion is considered. Thus, an analytical solution to the Fick's law can be obtained [66] :
whereê D is the degraded depth, t the degradation time and a the kinetic parameter of the decalcification process. The kinetic parameters for each cement type and w/b ratio can be obtained by adjusting the experimental measurements ofê D (Fig. 4) to a square-root time law, by the least-squares method (see Table 6 ). These parameters are similar to those reported in [11, 19, 36] . The goodness of the fits is shown by each R 2 statistical; the values of R 2 prove that, at least for the time considered in the present study, it is possible to use Eq. (8) to model the kinetics of the decalcification process. The following stage is to relate the kinetic parameter of Eq. (8), a, with accessible microstructural parameters of the native material. The only reference found of similar models in the literature owes to Kamali et al. [18, 19] , although it is far away from being a general equation. They modelled the kinetic parameter a as a product of weight independent functions f, i and j, accounting for parameters of the material and the environment: w/c ratio, experiment temperature and leaching protocol. In our study, several microstructural parameters were used and related to the kinetic parameters shown in Table 6 , using a multiple regression method. Such method was preferred to the simple linear regression method, because it involves several parameters that could influence the kinetics of the process. The parameters chosen were the initial calcium concentration ([CaO c ]) , the open porosity of the bulk sample (/), the open porosity of the cementitious matrix (/ m ), the volume fraction of the cementitious matrix (f S m ) and the connectivity of the porous system (b). / m was easily obtained by weighting / with f S m . b is a parameter that accounts for the tortuosity and constrictivity of the pore network; it was obtained from the MIP analyses using the methodology described by Katz and Thompson [54, 56, 69] . [CaO c ] is considered an estimator of the calcium that may be leached, independently of the hydrated compound nature; the CaO content of the binder it is already used for modelling carbonation phenomena [70] [71] [72] . The porosity and the connectivity of the porous system are estimators of the porous system permeability, and the volume fraction of cementitious matrix accounts for the dilution effect of the aggregates in the permeability of the system.
The multiple regression method was applied using a step selection algorithm. This algorithm looks for the best-fit model using only the statistically significant variables, which were in turn identified by the F test. A parameter will be added to the model in a given step if its F value is larger than a specified value, which in this case is set to 4. The final output of the adjustment made by the multiple regression method is Eq. 
The values of the kinetic parameter a estimated by Eq. (9) are compared with those obtained from the experimental degraded depths (Fig. 11a) as can be seen in Fig. 11a . The statistical parameters obtained after the adjustment (associated p-value, R 2 and residual; see Fig. 11a ), and the analysis of the residuals (Fig. 11b) , evidence that Eq. (9) provides a good estimate of the kinetic parameter a. Eventually, just by substituting Eq. (9) in Eq. (8) it is possible to obtain an expression to estimate for each time the average degraded depth (Fig. 12) . A good correlation can be found To validate the results presented in this paper, Eq. (9) was used to estimate the decalcification kinetics available on similar studies from the literature i.e. cement mortar or concrete made from siliceous aggregates, and ammonium nitrate as aggressive agent [28, 31, 42, [73] [74] [75] . The estimations made, as well as the parameters of the studies, are shown in Table 7 . The accuracy of the estimations is in good agreement in general terms with the data, and in most of the cases studied it is under an acceptable error value around 10%. It shall be addressed that in most cases, the estimations were made from data displayed in the graphs, since no other data were available or the data provided were not clear.
Some remarks should be made with respect to these results. First, most of the analysed studies did not employ the same conditions to perform the porosity measurements: for instance, drying is made at a temperature of 60°C [28] , 105°C [31, 74] , and 110°C [73, 75] . A variation in approximately 1% of porosity is related to variations in the kinetic parameter of about 5%. Second, even though numerous studies employ phenolphthalein to reveal the degraded zone, few indications are given on the method employed to measure the degraded depth: they are made using a common ruler [28] , or using a video-microscope [31, [73] [74] [75] . The huge influence of the degraded depth measurements in the error made in the estimations of the kinetic parameter was already shown in the above paragraphs. Lastly, some of the kinetics parameters available in the literature are surprising. The kinetic parameter for mortar decalcification showed by Nguyen et al. [73, 75] is even greater than the kinetic parameters of cement pastes that can be found in the literature [19, 36] . It is also remarkable the high value obtained for the degradation kinetics of a mortar with w/b ratio of 0.3 by Lafhaj and Goueygou [28] , as well as the low value of the kinetic parameter presented by Perlot et al. [31] for a mortar with such a great porosity value.
Degradation grade
As stated in Section 3.5, the ultrasonic velocity can be considered an accurate measurement of the degradation grade of cementitious materials subjected to decalcification processes, as it accounts for the porosity and the elastic parameters of the material. The key is to identify an ultrasonic parameter of the degraded materials, which accounts for the loss of elastic properties of the material. Previous results [29] allows us to apply the shrinking unreacted-core model (SCM), proposed by Hinsenveld and Bishop [67, 68] to our samples. This model has been used by many authors to describe leaching degradation in cementitious materials [76] [77] [78] , carbonation [70] or even the hydration of cementitious materials [79] . Under such scheme we can ideally assume the decalcified mortar as a composite biphasic material The first phase is an outer degraded zone (D), with a given average thicknessê D and an average ultrasonic velocity b V D ; the second phase is an inner sound zone (U) with a given average thicknessê U and an average ultrasonic velocity b V U , assumed to be equal to b V 0 , the average ultrasonic velocity of the native material. Further details on the scheme used to calculate b V D using the ultrasonic velocity measurements are given in [29] . Therefore, the ultrasonic velocity of the degraded mortar can be calculated using the following equation:
Fig . 12 . Comparisons between the values ofêD estimated using Eq. (9) and the values ofêD measured by the phenolphthalein test. Assuming that V D is almost invariant with the degradation time, its average value can be calculated ð b V D Þ, see Fig. 13 . The mean relative variations of b V D observed within each class (cement type and w/b ratio) are not greater than 7%, diminishing as the degradation time increases and the degraded zone increases. Such variations are mainly due to the error made in the degraded depth measurements as well as to neglecting the degradation front thickness. As the degraded depths in the samples with 4 and 11 days of degradation were equal or less than 6 mm, the uncertainty of the V D values at those degradation times is close to 10%.
As both the CaO content and the w/b ratio increase, b V D decreases (Fig. 13 ). Both factors (CaO content and w/b ratio) influence the cementitious matrix in a similar way: with their increase, the cementitious matrix will have more ''leachable'' calcium and thus the loss of elastic properties will become greater. As mentioned earlier, the CaO content of the samples controls the quantity of calcium that may be leached from the cementitious matrix. Furthermore, the increase of the w/b ratio will promote the hydration of the cementitious matrix. It can be seen that whenever the CaO content increases, the associated decrease in b V D when the w/b ratio increases is greater. From the above-mentioned questions, it can be appreciated the capability of b V D to account for the degradation grade of the materials, including the effect of varying the w/b ratio and the cement type. Those parameters were chosen since they clearly influence the ultrasonic velocity. The influence of the initial calcium content was already discussed in Section 3.5; the volume fraction of cementitious matrix in the native material is used to account for the content of cementitious matrix, and therefore weight the effect of the decalcification process in the ultrasonic velocity. A simple linear regression will be used to relate b V D and the chosen parameters, since Eq. (7) showed a linear relation between E and V l . To facilitate the statistical analysis, a combination of the parameters listed above is used, obtaining a new parameter called the accessible calcium content of the cementitious matrix, Ca acc , described by the following equation:
The linear regression made with the whole set of values allowed to obtain the following equation:
The statistical parameters obtained after the adjustment (associated p-value, R 2 and residual, see Fig. 14a ), and the analysis of the residuals (Fig. 14b) Eventually, it is possible to measure the degraded depth in a non-destructive way using ultrasonic velocity measurements of the samples at each degradation time. This can be done by just assuming that the average thickness of the sound zone ðê U Þ may be estimated from the degraded depth ðê D Þ and the average thickness of the sample ðêÞ, under the SCM scheme:
Just by substituting Eq. (13) in Eq. (10), and isolatingê D , an expression of the degraded depth can be obtained as a function of the average thickness of the sample ðêÞ, the ultrasonic velocity of the native material ð b V 0 Þ, the ultrasonic velocity at each degradation time ð b V t Þ and the ultrasonic velocity of the degraded material It is therefore possible to estimate the degraded depth by means of non-destructive measurements, asê, b V 0 and b V t can be measured and b V D may be estimated with Eq. (12) . Again, good correlations between the estimated and measured values ofê D (Fig. 15a) can be observed, with the main error of the estimations close to 10%.
Conclusions
The results of a thorough microstructural characterisation of a set of decalcified cement mortars have been presented in this paper. The main factor that controls the advance of the degradation process, during its initial stages, is the neutralisation capacity of the material, which depends on the initial calcium content of the samples. The variations in the degraded depth, in respect of both the w/b ratio and the cement type, showed that when the w/b ratio increases, samples with lower initial calcium contents exhibit higher degraded depths during the initial stages of the degradation process. The degradation grade of the samples accounted for the variations in the porous microstructure, the percentage of Ca 2+ leached and the variations in the ultrasonic velocity of the samples; it was shown that the degradation grade of each sample depends upon the initial calcium contents, but it is also influenced by the porosity of the native samples and the degree of the hydration reactions. The ultrasonic velocity was chosen as a good estimator of the degradation grade, since the variations in the elastic parameters of the materials were largely influenced by the porosity and the initial calcium content of the samples. Furthermore, degradation process kinetics and the degradation grade of the materials have been estimated using accessible microstructural parameters from the native materials:
(a) The kinetics of the decalcification process, as expressed by Fick's second law of diffusion, has been described as a function of two variables of the native material (see Eq. (9) (b) The degradation grade of the materials is expressed as the ultrasonic velocity of the degraded material, V D , which is calculated using the scheme of the shrinking unreacted-core model (SCM). This parameter is almost invariant with the degradation time, being an intrinsic characteristic of the material accounting for its degradation grade. V D has been described as a function of three parameters of the native material (Eq. (12) , and the open porosity (/) of the native mortar. Furthermore, using the SCM scheme, the estimations of V D , and ultrasonic inspections it was possible to measure the degraded depth at each degradation time. These estimations showed good correlations with the measured values and its main error is about 10%.
The results obtained in this work suggest that using accessible parameters of the native materials, two main characteristics of the decalcification process can be modelled, i.e. the kinetics of the decalcification process and the degradation grade of the decalcified cement mortars. The equations presented in this paper (Eqs. (9) and (12)) provided estimations of the degraded depth with good agreement with experimental data from cementitious materials subjected to a decalcification process. Eventually, the use of precise ultrasonic characterisation techniques will allow monitoring and preventing failures under service of materials subjected to this kind of process.
